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The pyrethroid insecticides are finding increasing application in pest control as they are extremely potent yet possess low mammalian toxicity. They have been clearly shown to have major electrophysiological effects on the central and peripheral nervous systems of arthropods and vertebrates. Two different clinical syndromes have been described following high doses of pyrethroids to vertebrates. In one, fine tremors occur, and in the other more complex abnormal movements predominate.1 These probably reflect differences in the major sites of action of different pyrethroids within the nervous system. Nevertheless the effects of different pyrethroids on nerve membranes and nerve excitability are relatively uniform.
In insect nerve preparations the application of natural pyrethrins causes a marked increase in spontaneous electrical activity resulting in high frequency repetitive discharges, and a train of spikes may be provoked by a single stimulus. At high dosage or following prolonged exposure, conduction block eventually occurs. In vertebrate nerves the effects are similar although repetitive activity appears to be more prominent than the blocking effect.2 Narahashi and Anderson,3 and Narahashi4 used the giant axons of the cockroach and later of the squid and crayfish to show that allethrin, one of the earliest synthetic pyrethroids to be developed, induced changes of this kind which were associated with a prolonged negative after potential. At high dosage the action potential gradually decreased in amplitude until conduction block occurred. Using a voltage clamp technique the latter authors correlated these findings with a prolongation in the inward sodium current across the membrane and decrease in the steady state outward potassium current. Similar findings have been described at single nodes of Ranvier following the application of allethrin and more recently of a newer potent synthetic pyrethroid, deltamethrin, previously called decamethrin.56 The deltamethrin-induced prolongation of the sodium current appears, however, to be of much longer duration (over one second) than that induced by allethrin (up to one hundred milliseconds). 5 The long inward sodium current is believed to be due to the prolongation of membrane permeability to sodium resulting from sodium channels which, having opened upon depolarisation, remain open for longer than normal. The effects of pyrethroids on sodium channel kinetics have been the subject of recent study.6 7 In normal nerve fibres the sequence of changes in excitability that follow an action potential induced by a single stimulus are now well established and are regarded as a general feature of axonal physiology.8 Although much of this evidence is 337 derived from isolated nerve preparations, a simple percutaneous technique for demonstrating such changes in the median nerve of humans was described by Gilliat and Willison.9 The supernormal and subnormal periods which follow the absolute and relative refractory periods have long been known to correlate with the after potentials that follow a propagated action potential.10 11 As the after potentials may be modified by alterations in sodium and potassium kinetics across the nerve membrane12 we employed a technique in the intact animal similar to that used by Gilliat and Willison in humans, to determine whether the known properties of pyrethroids would be reflected in alterations in the normal sequence of nerve excitability changes following a stimulus.
Methods
Animals and dosing Male Sprague-Dawley rats, ranging in age from 6 to 9 months were used. "Hypnorm" (Janssen) 0 5 ml/kg intramuscularly was used as the principal anaesthetic and was repeated in smaller doses as necessary. Nitrous oxide and oxygen inhalation was also used in some animals. Deltamethrin (Roussel) was dissolved in glyceralformal (5 mg/ml). Rats Parkin , Le Quesne by a Devices Digitimer and triggering could be adjusted so that only the second action potential was recorded. This was particularly convenient with long time intervals between stimuli. The tail was placed on a mat of coiled polythene tubing through which water was pumped from a thermostatically controlled bath. The tail was covered by cotton wool and a perspex box. Tail temperature was monitored by a subcutaneously placed thermistor and was maintained at 31-340C.
Two stimuli were used in all experiments. The conditioning stimulus SI was adjusted until it was supramaximal. The intensity of the unconditioned stimulus S2 was adjusted to produce a response approximately one third of the amplitude of the response to the supramaximal stimulus. The amplitude of the response to S2 when preceded by SI was expressed as a percentage of the amplitude of the response to S2 alone. The initial recording was made at a stimulus interval of 2 ms and repeated at increasing intervals up to 1000 ms. At each interval the amplitude of S2 alone was recorded to ensure stability of the preparation. Minor fluctuations in the S2:S1 amplitude ratio did occur at times throughout some experiments and the stimulus intensity of S2 was therefore adjusted if necessary. Results of an experiment were rejected if S2 did not remain constant.
In a separate series of experiments the amplitude of the responses to 2 5 or 5 0 volt incremental changes in S2 stimulus were compared to those when preceded by a supramaximal conditioning stimulus at two different stimulus intervals, 8 ms and 50 ms.
Results

CONTROL ANIMALS
The changes in the response to S2 when preceded by Si at varying intervals are illustrated in fig 1. Twenty two recordings on twenty animals were used to establish the control response. Following the absolute and relative refactory periods, supernormal nerve excitability began at about 4 ms. The wide variation in the responses at 2 ms and 4 ms reflects differences in different animals in the duration of the absolute and relative refractory periods. Supernormality reached its maximum at 6-8 ms, and was evident as an increase in the amplitude of the conditioned response compared with that of S2 alone. At its maximum the mean amplitude of the supernormal response was 129% of its unconditioned value. Following this peak, supernormality subsequently became less marked and had subsided within 30 ms. There then followed a period of reduced nerve excitability-the subnormal period which persisted until nerve excitability had returned to the unconditioned state at 100-200 ms stimulus interval.
Eight animals underwent repeated examinations 2-24 hours after the first. Three of them had received glyceralformal in the same amount as administered to the animals receiving deltamethrin (0 3 ml/kg). Lfi 9l100-salivation occurred and, shortly after, abnormal involuntary movements appeared, often to a marked degree. Twitching movements of the vibrisae usually heralded prominent writhing and jerking movements of the limbs and trunk. Because of the intensity of these movements recording was usually not possible until 2-7 hours after injection by which time the animal was still, although brief jerking movements could often be induced by a loud noise or by sudden movement. The changes in amplitude of the response to S2 when preceded by SI at varying stimulus intervals 2-7 hours after injection are illustrated in fig 1. Recordings from 2-8 ms were obtained in five animals and 10-1000 ms in seven animals. Nerve fibres had generally recovered from a refractory state after 2-4 ms. Prolonged supernormality was present from 4-400 ms and had disappeared by 600 ms. Although there was some overlap in the degree of supernormality when at its height (4-10 ms) the mean magnitude of supernormality in the pyrethroid treated animals was greater than in the controls. The difference between the two groups was most evident from 30-400 ms when the subnormal period in the control animal was replaced by prolonged supernormality in those treated with deltamethrin. The values at different time intervals for control and pyrethroid treated animals were compared using Student's t test. The differences were significant at p < 0 001 at all time intervals from 8-200 ms inclusive, and at 001 >p > 0001 at 6 ms and 400 ms.
Five animals were re-examined 24-28 hours after injection and the mean values are iilustrated in fig 3. Using Students t test the difference between the control and the treated animals reached significance at some stimulus intervals between 4 ms and 600 ms but not at others. The number of observations, however, was small. In order to increase the numbers for statistical comparison the results 24 hours after injection were paired with those of the same five animals prior to injection. The results for stimulus intervals from 2-10 ms were grouped together as were those for the intervals from 20-200 ms. The Deltamethrin prolongs the inward sodium current across the nerve membrane by prolonging the duration of opening of a proportion of sodium channels and it is this effect which is likely to account for the prolonged period of supernormal excitability. Similar changes in sodium channel kinetics may be induced by the veratrum alkaloids. Veratridine, for example, is also known to prolong the sodium current across the nerve membrane16 and this results in both a prolonged negative after potential and a prolonged period of supernormal excitability. 17 Although the effects on sodium channels appear to be a property common to all pyrethroids the duration differs with different compounds. Vijverberg and Van den Bercken5 suggest that gross prolongation of the sodium tail current in voltage clamp experiments may be brought about by those pyrethroids that contain an a-cyano group such as deltamethrin and cypermethrin. The sodium tail current produced by allethrin, which does not have an a-cyano group, is much shorter and decays within 100 ms. Thus a striking prolongation of supernormality such as that produced by deltamethrin would not be expected to occur with all pyrethroids.
The abnormal involuntary movements that were induced by the injection of deltamethrin were similar to those described by other workers18 and the presence of these movements precluded the study of excitability changes earlier than 2-7 hours after injection. The electrophysiological abnormalities that we observed were thus recorded at a time when the clinical signs of central nervous system intoxication had begun to resolve. 24-28 hours after injection the excitability changes induced by deltamethrin had begun to approach their control values but a minor effect was still present. The difference from control animals was most evident at longer stimulus intervals (20-200 ms The dose of deltamethrin used in our experiments was sufficiently large to prove lethal to 29% of animals and we have yet to establish whether lesser doses are also associated with measurable excitability changes. It will also be important to determine whether cumulative effects occur during chronic exposure to lower doses.
Laboratory workers exposed to synthetic pyrethroids may develop transient facial sensory symptoms but conventional conduction studies in limb nerves have not shown any abnormality.20 The technique we have used in our studies in the rat is simple, non-invasive, readily repeatable and has been previously used in the study of human peripheral nerves. It is therefore possible that the study of excitability changes of the kind we have described in the rat might have some application to the electrophysiological evaluation of humans exposed to pyrethroid insecticides if we are able to detect changes in the animals following lower doses or during chronic exposure. It may also have some relevance to detecting effects of other substances which cause changes in membrane excitability. 
